By employing the nonequilibrium Green's function (NEGF) method, the transient current and the transient behavior of the spin transfer torque (STT) of the magnetic layered system are investigated within the framework of density functional theory (DFT). To reduce the huge computational cost of the transient calculation, especially when the dense mesh of k sampling is present for layered systems, the complex absorbing potential (CAP) and the Padé spectrum decomposition are used so that the energy integrals in calculating transient current and STT can be performed analytically using residue theorem, which dramatically reduces the computational complexity of the first-principles calculation of transient behavior. As an application of the NEGF-DFT-CAP formalism, the transient current and current-induced STT of the Co/Cu/Co trilayer system are studied under an upward bias pulse for different angles of magnetization direction between two leads. The transient current shows a damped oscillatory behavior with the oscillation frequency proportional to the applied bias, leading to a relaxation time of hundreds of femtoseconds. The time-dependent STTs show roughly the same profile for systems with different rotating angles. The oscillation behavior is also observed as the transient STT approaches the steady state value. Such oscillations can be attributed to the interface resonant states.
I. INTRODUCTION
The generation and manipulation of spin-polarized current have received considerable attention both experimentally and theoretically over the past decade in the magnetic multilayer structures such as the ferromagnet-normal-ferromagnet system [1, 2] due to the discovery of giant magnetoresistance (GMR) [3, 4] and tunnel magnetoresistance (TMR) [5, 6] effect owing to their fascinating applications in information technology. By switching the magnetizations of ferromagnetic films, it was found that the electronic resistance of the parallel alignment is relatively lower than that of the antiparallel configuration originated from the dependence of electron scattering on the spin orientation. It is the basic principle of the application of magnetoresistive random-access memory, in which the magnetization direction is usually controlled by applying an external magnetic field.
Recently, the spin transfer torque (STT), proposed by Slonczewski [7] and Berger [8, 9] , was used to switch the magnetization orientation of the ferromagnetic layers in magnetoresistance devices. In the STT effect, a spin-polarized current can transfer the local spin angular momentum to the ferromagnetic layer. This in turn results in a torque applied to the ferromagnetic layer which can change the orientation of the magnetic layer and even flip it if the spin-polarized current is large enough. Therefore, the STT technology shows potential applications in the magnetoresistive memory with lower power consumption if the STT instead of the magnetic field is employed to control the direction of active elements in * jianwang@hku.hk the magnetoresistive random-access memory. Experimentally, the current-induced excitation or flip of the magnetic layer by STT has been observed in many magnetic multilayer systems such as Co/Cu multilayers [10] and Co/Cu/Co pillars [11, 12] .
In order to controllably use the STT effect, it is necessary to understand the current-induced torque theoretically and quantitatively. Slonczewski first presented a derivation of STT using a one-dimensional WKB approximation and only considered electrons transmitted or reflected completely by the magnetic layers [7] . A scattering formalism was then given to improve the calculation of STT in both ballistic and diffusive regimes [13] . In order to consider the nonequilibrium exchange interaction between layers, Heide et al. derived a set of Landau-Lifshitz equations to study the switching of magnetic layers [14, 15] and an alternative mechanism of the current-induced switching was proposed from the spin accumulation due to the spin-polarized current. The Landau-Lifshitz-Gilbert equation in the presence of the dynamic STT was generalized to study various dynamic behaviors in the GMR or TMR devices [16] [17] [18] .
The Landau-Lifshitz-Gilbert equation is the fundamental equation to study the dynamics of spin driven by STT caused by the imbalance of the spin current. Usually, the STT is given as a source term due to external bias or temperature gradient. Within the framework of Landau-Lifshitz-Gilbert equation, there exist two-time scales for dynamics of spin and electron responsible for STT, respectively. The fast dynamics of electron is on the order of femtosecond, while the slow dynamics of spin is on the scale of millisecond. So far the spin dynamics governed by the Landau-Lifshitz-Gilbert equation has been studied extensively, whereas the fast dynamics of STT has not been studied before. Given the fact that the concept of STT has been used to make nonvolatile memory devices, a central question is to understand the nature of dynamics of STT, for instance, the response of STT to the external bias. Up to now, there is no microscopic theory to investigate dynamical behavior of STT. It is the purpose of this paper to address this important issue. We will ask the following question: how STT evolves with time for a sudden change of the bias in a magnetic multilayer system.
To answer this question, we will use the nonequilibrium Green's function (NEGF) formalism which has been successfully combined with the density functional theory (DFT) to study and predict the spin-polarized current and the magnetoresistance for magnetic multilayer structures in spintronics [19] [20] [21] [22] [23] [24] . Recently, the steady state current-induced STT has been calculated from first principles based on the NEGF-DFT framework [21, 25, 26] . However, the firstprinciples investigation of both transient current and timedependent STT in a magnetic multilayer system is still lacking due to its huge computational cost because a dense mesh of k points within the Brillouin zone is needed for the convergence of transmission coefficients in layered structures. For instance, 1 000 000 k points have been used to calculate the transmission coefficient of the Fe/MgO/Fe trilayer structures with FeO 0.5 buffer iron oxide layer from first principles [27] . In order to reduce the computational complexity for calculating the transient current and heat current from the exact solution within the NEGF-DFT method, the complex absorbing potential (CAP) was introduced to replace the self-energy of the lead and a linear scaling scheme was obtained for quasi-one-dimensional atomic junctions [28, 29] . However, the NEGF-DFT-CAP framework has never been used for planar structures with k samplings. Moreover, in order to overcome the slow convergence for the energy integral involving the Fermi distribution functions, an efficient sumover-poles decomposition, namely, the Padé approximation, was used to replace the Fermi functions in the time-dependent quantum transport studies [30] [31] [32] [33] .
In this paper, we developed a theoretical formalism to study the transient behavior of STT of magnetic multilayer systems under the steplike pulse of bias. In the presence of k samplings, an efficient algorithm is proposed for the first-principles calculation of transient STT within the NEGF-DFT-CAP framework and Padé approximation. As an application, we calculated both the transient current and current-induced transient STT for an upward pulse of bias in the Co/Cu/Co trilayer system from first principles.
The paper is organized as follows. In Sec. II, the formalism of transient current-induced STT in magnetic layered systems is presented under the NEGF-DFT-CAP framework with the Padé approximation. In Sec. III, the numerical calculation of both transient charge current and STT of Co/Cu/Co trilayers under an upward bias voltage is presented. Finally, the discussion and conclusion are given in Sec. IV.
II. THEORETICAL FORMALISM
The system we consider is a nonmagnetic system which connected with two semi-infinite magnetic electrodes. The magnetic moment of the left ferromagnet M L is assumed to align along the in-plane y direction and the charge current flows along the z direction which is perpendicular to the layer, as shown in Fig. 1 , while the magnetic moment of the right electrode M R points at an angle θ to the y direction in the x-y plane of the left electrode which forms x -y plane in the right electrode. The Hamiltonian of the whole system can be expressed as
where H L and H R are the Hamiltonian of the left and right leads, respectively,
Here, c † k α σ (c k α σ ) is the creation (annihilation) operator of electrons with spin σ in the α (α = L,R) lead where σ =↑ , ↓ or ±1 andσ = −σ . k α σ (t) = 0 k α σ + qv α (t) is the energy levels in lead α where 0 k α σ is the bare energy levels and v α (t) is the applied external bias. The bias voltage is assumed to be v α (t) = v α θ (t) in order to study the transient dynamics of the system. H N is the Hamiltonian of the nonmagnetic scattering region which reads
where d † nσ (d nσ ) and n (t) is the creation (annihilation) operator of electrons and energy levels in the nonmagnetic system, respectively. H T is the Hamiltonian describing the coupling between the magnetic electrodes and the nonmagnetic scattering region with the coupling constant v k α n (t),
To study the current-induced STT, the magnetic orientation of the left electrode is assumed to be pinned while that in the right lead is free to rotate. When the electrons in the left lead flow through the nonmagnetic scattering region and enter into the right lead, its magnetization direction rotates by an angle θ . This is due to the spin angular momentum difference between the incoming and outgoing spin-polarized electrons in the right electrode which generates a torque and exerts on the local moments of the right electrode. Such a torque describes the spin angular momentum transfer from the left lead to the 075412-2 right lead by the spin polarized current. In our present work, we only consider the in-plane component of the current-induced STT since the in-plane STT component is much larger than the out-of-plane one in metallic spin valves as reported in the previous study [34] . The in-plane STT can be defined as [35] [36] [37] 
where S R is the total spin of the right lead along the x direction since the STT should be along the direction of x [35, 38] ,
Therefore, the STT operator can be expressed as
and the lesser Green function
Using the analytic continuation, the STT can be written as
where G r(<) (t,t ) is the retarded (lesser) Green's function of the scattering region in the spin space. Therefore, the currentinduced STT under the dc bias can be expressed as
is the linewidth function. Within the DFT framework, the current-induced STT in Eq. (10) can be rewritten as (see details in Appendix A)
The lesser Green's function satisfies the Keldysh equation,
where the spectral function A k α ( ,t) is defined as
For the upward pulse of bias, the analytic expression of A k α ( ,t) can be obtained from Ref. [39] A
with
HereG In order to calculate the time-dependent STT, one has to perform a double integral over energy [see Eqs. (13) and (15)] besides the integral over the k points in the Brillouin zone which makes the calculation extremely time consuming. In addition, the integral over energy is difficult to converge because many poles of the Green's function in the complex energy plane are close to the real energy axis and the integral over the k points is also hard to converge since there are always transmission spikes scattered around in the Brillouin zone for the layered system. Due to its successful application on the computation of time-dependent charge current and heat current [28, 29] , the CAP method has proven to be a powerful tool to study the time-dependent transport properties by transforming the infinite open system to be a closed system. After introducing the CAP to replace the Hamiltonian of leads, the retarded Green's function can be cast into a wide-band form so that the energy integral may be carried out analytically. Within the CAP formalism, we define the retarded Green's function as
where W α is the CAP matrix (see details in Appendix B). Then the lesser Green's function can be rewritten as
where for the upward steplike pulse [28] A k α ( ,t) = n |ψ nk φ nk |
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By expanding the retarded Green's function in terms of its eigenstates asḠ
the integration over energy of the spectrum function in Eq. (15) is analytically solved by the residue theorem since Eq. (16) can be set to zero within the CAP method [28] .
Although the energy integral in the spectrum function A k α ( ,t) has been obtained analytically, one still has to compute the integration over energy involving the Fermi distribution function in Eq. (18) . In order to further enhance the computational efficiency, the Padé approximation is then introduced in which the Fermi distribution function can be expanded using the [N − 1/N] scheme [31] ,
where β = 1/(k B T ) with the Boltzmann's constant k B and temperature T . It is obvious that ±iξ j /β are the j th poles of the Padé spectrum decomposition in the upper and lower half plane, respectively. The accuracy of the Padé spectrum decomposition scheme can be improved by increasing the number of terms N in the expansion. In general, higher order Padé expansion is required for the Fermi distribution function at lower temperature. After employing the Padé approximation, the energy integral involving the Fermi function can be solved by the residue theorem as well. Therefore, the lesser Green's function for calculating the transient current-induced STT under an upward pulse of bias can be finally expressed as (see details in Appendix C)
Here, the following relation was used to expand the equilibrium Green's functionG r ( ):
To summarize, the following steps should be used in NEGF-DFT-CAP approach in calculating the transient behavior of STT under an upward pulse of bias. First of all, the traditional NEGF-DFT calculation should be performed to obtain the equilibrium (initial state) and nonequilibrium dc state (long time limit dc state) with enough k points. The CAP is then introduced to replace the Hamiltonian of lead. The transmission coefficient calculated from the exact NEGF-DFT formalism and the CAP method should be compared to make sure that the CAP region is long enough. Moreover, the Padé approximation of the Fermi function should be compared with the exact Fermi distribution function and the accuracy can be improved by increasing the expansion order of the Padé spectrum decomposition. Once the accuracy of both CAP method and Padé approximation are checked, the lesser Green's function of each k point can be numerically calculated from Eq. (22) and finally the time-dependent STT can be obtained from Eq. (12) . In addition, in the final expression of transient STT, the energy integral can be evaluated by the residue theorem and the summation over the k points in the Brillouin zone is performed at the end. This approach significantly enhances the computational speed.
III. NUMERICAL RESULTS
In this section, the time-dependent current-induced STT due to an upward pulse is calculated numerically using the NEGF-DFT-CAP formalism for the Co/Cu/Co trilayer system. The two-probe system consists of two semi-infinite Co leads and a scattering region of five atomic Cu layers, as shown in Fig. 2 . Both Co and Cu used here are in the fcc phase with the lattice constant of 3.54Å and there are two atomic layers in one unit cell of the Co electrode. The first-principles transport calculation is implemented in the NEGF-DFT quantum transport package NANODCAL [40] . The local density approximation (LDA) by Ceperley and Alder [41] is employed for the exchange and correlation potential and the nonlocal norm-conserving pseudopotential is used for the core electrons [42] . The single-ζ polarized orbital basis is used for both Co and Cu atoms. The energy cutoff of the real space grid is taken as 4000 eV and the convergence criteria of the Hamiltonian and density matrix is set to be 10 −5 eV. The temperature in the Fermi distribution function in the calculation is set to 300 K. In the self-consistent calculation, a 30 × 30 × 1 k mesh is sampled within the Brillouin zone which is sufficient for the convergence of Hamiltonian and density matrix. In order to calculate the transmission coefficients of the Co/Cu/Co system, a 80 × 80 k mesh is used. It is found that when a denser k grid is used, the difference in the transmission coefficients is less than 1%. In order to simplify the simulation for the system with different rotating angles of magnetization orientation, we only perform the DFT calculations with the collinear spin and then rigidly rotate magnetization in the right lead which is similar to the previous studies [43] .
The GMR ratio is defined in terms of the conductances for spin-up and spin-down electrons in the parallel (P) and antiparallel (AP) configurations of the magnetic layers by
where G σ P and G σ AP is the conductance of electrons with a given spin σ in the P and AP configurations, respectively. In the Co/Cu/Co system shown in Fig. 2 , due to the symmetric structure, the conductances of the spin-up and spin-down electrons of the AP configuration should be the same. From the calculated conductance of the P and AP configurations, a GMR ratio of 38% is obtained for the proposed Co/Cu/Co trilayers under zero bias, which is consistent with previous calculations of similar systems [44, 45] .
In order to study the current-induced STT within the NEGF-DFT-CAP framework, the semi-infinite Co electrodes are replaced by CAP and three unit cells are used for the buffer region between the CAP region and the Cu layers. In order to reduce the reflection due to CAP region, 10 unit cells of Co electrodes with about 35.44Å long in the transport direction is used to construct the CAP region for each lead. The comparison for the average transmission coefficients in the k space of Co/Cu/Co system calculated by the exact NEGF-DFT method and the CAP method is presented in Fig. 3 is about 22%, showing that the electron with majority spin dominates the transport through the Co/Cu/Co system in the P configuration. For the AP configuration, the transmission coefficient of either spin orientation is about 0.41 at the Fermi level, as plotted in Fig. 3(c) , exhibiting the lowest transmission coefficient due to the large band mismatch of Co and Cu with different spins.
Moreover, it can be seen from Fig. 3 that the transmission coefficients calculated from the NEGF-DFT-CAP frame agree remarkably well with those obtained from the exact method. Therefore, the CAP region with the length of 10 unit cells of Co electrodes is long enough to accurately describe the transport properties of the Co/Cu/Co system in both P and AP configurations. Figure 4 shows the current-induced STT of the Co/Cu/Co system under a dc bias of 10 mV with different rotating angles θ of magnetization orientation in the right lead calculated from Eq. (11) . The maximum value of the current-induced STTs is around 0.08 meV which corresponds to about 3 × 10 −17 J/A. This is similar to that obtained by the first-principles calculation in Ref. [24] . For θ = 0, the system is symmetric and the self-energy with each spin is the same for left and right leads, i.e., r Lσ = r Rσ , while for θ = π , the system is antisymmetric and one has r Lσ = r Rσ . The Green's functions for these cases are diagonal in spin space so that the spin current is conserved and the current-induced STT is zero. It is found that the angular dependent STTs do not have the sinusoidal behavior which agrees with the previous theoretical studies [24, 44] .
We now examine the time-dependent current and currentinduced STT induced by an upward pulse of external bias applied on the Co/Cu/Co system. Figure 5 presents the transient current I σ (t) of Co/Cu/Co trilayers with P and AP configurations under the upward pulse bias of 10 mV and 20 mV. We see that once the pulse bias is turned on, the transient currents decrease rapidly to the minimum value first for the P configuration, while for the AP configuration the transient currents increase rapidly reaching the maximum first and decay with oscillations to the steady states. For the system under an upward pulse of 10 mV, the turn-on time to reach the minimum is about 20 fs and 40 fs for the spin-up and spin-down currents in the P configuration, respectively, as shown in Fig. 5(a) . The transient currents then increase to the maximum value at about 120 fs, while for the AP configuration under a 10 mV upward pulse bias, the turn-on time is about 25 fs for both majority and minority spin currents and decreases to the minimum at about 180 fs, as shown in Fig. 5(c) . In order to quantitatively study the relaxation time of the transient current to reach the steady state, the relaxation time τ r is defined as κ = 10%, where κ = |I σ (τ t )−I dc σ | I dc σ with I dc σ being the dc limit of the spin-polarized transient current [47] . The relaxation time can reach 1190 fs for the spin-up current and only 600 fs for the spin-down current in the P configuration, while the relaxation time is about 760 fs and 520 fs for the majority and minority currents in the AP configuration, respectively.
When the applied pulse bias increases to 20 mV, it is found that the spin-polarized transient current shows less peaks once the bias is turned on for both P and AP configurations, as shown in Figs. 5(b) and 5(d), respectively. The oscillation frequency of the transient current is found to be proportional to the applied bias v α , which agrees with previous studies [46, 47] . This is because the oscillation of the transient current is dominated by the oscillatory term e i( +v α − nk )t in the spectrum function A k α ( ,t) in Eq. (19) . For instance, the period between two adjacent peaks is about 170 fs and 310 fs for the spin-up current in the P configuration under the pulse bias of 10 mV and 20 mV, as shown in Figs. 5(a) and 5(b), respectively.
The transient STT with different rotating angles θ of magnetization direction in the right lead obtained from the NEGF-DFT-CAP framework is plotted in Fig. 6 . It is found that the time-dependent STTs of the Co/Cu/Co system show almost the same profile for different rotating angles of θ = π 6 , π 3 , and π 2 in the right lead. This is because we only perform a collinear DFT calculation and the magnetization directions are simply introduced in the right lead. Therefore, the resonant states in the central region of the Co/Cu/Co system are roughly the same for different rotating angles which leads to the same oscillating profile of the time-dependent STTs, since it is the resonant state that is responsible for the oscillation. Once the upward pulse of bias is switched on, the current-induced STTs dramatically increase to a large positive value. The transient STTs reach the maximum value after about 165 fs and then start to decay with oscillation. After about 560 fs, the transient STTs change their signs to negative and arrive at the minimum value at about 750 fs. The STTs then increase to approach oscillatory quasisteady states with a long relaxation time of approximately 7500 fs (not shown in Fig. 6 ). It is found that the transient STTs show the oscillation in a damped fashion after about 1500 fs with almost the same period about 100 fs which mainly originate from the oscillation of the transient spin-up current as shown in the inset of Fig. 6 . In addition, for the Co/Cu/Co system the larger the rotating angle θ , the larger the absolute value of the transient STT is (as long as θ < π 2 ). We note that the oscillatory behavior of STT in the long time is reminiscent of resonance in typical transient behavior.
To understand this oscillation behavior of the timedependent STT, we take the Fourier transform of the transient spin-up current with the rotating angle θ = 30 • under a pulse bias of 10 mV to study the resonant states which contribute to the oscillation of time-dependent current-induced STT, as shown in Fig. 7 . The Fourier transformed current shows several considerable peaks at low frequency, especially an intense peak at ω = 50 meV. We now examine the transient spin-up current contributed by the energy of 50 meV. The upper panel of inset in Fig. 7 presents the time-dependent spin-up current for the energy of 50 meV at the point. We find that it contributes significantly to the oscillation of total spin-up current and further to the transient STT. This oscillation can be explained by the corresponding scattering states of the Co/Cu/Co trilayers shown in the lower panel of the inset in states give rise to the continuous oscillation of transient STT.
IV. CONCLUSION
Based on the NEGF-DFT-CAP framework, the timedependent current-induced STT under an upward pulse of bias voltage was studied for the layered magnetic systems. To reduce the computational complexity, we employed the technique of CAP and cast the lesser Green's function into a wide-band form making analytic calculation possible. In order to further speed up the calculation, the Padé approximation is introduced to replace the Fermi distribution function. As such all energy integrals in the formalism of transient STT can be solved by the residue theorem, which significantly reduces the computational complexity. The NEGF-DFT-CAP formalism with the Padé approximation is then implemented to study the transient current and transient current-induced STT of the Co/Cu/Co trilayers under an upward pulse of bias with different rotating angle of magnetization direction between two leads. We find the spin-polarized transient current shows a damped oscillatory behavior with the oscillation frequency proportional to the applied bias. The time-dependent STTs show similar profile for systems with different rotating angles. Moreover, a persistent oscillation is obtained for the transient STT when it approaches the steady state in the long-time limit originated from the interface resonant state.
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